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Abstract 
In this Letter we experimentally demonstrate that the radiative heat transfer between 
metallic planar surfaces exceeds the blackbody limit by employing the near-field and thin-film 
effects. Nanosized polystyrene particles were used to create a nanometer gap between aluminum 
thin-films of different thicknesses coated on 5 × 5 mm2 diced silicon chips while the gap spacing 
is fitted from the near-field measurement with bare Si chips. The experimental results are validated 
by theoretical calculation based on fluctuational electrodynamics. The near-field radiative heat 
flux between 13-nm Al thin-film samples at 215 nm gap distance is measured to be 6.4 times over 
the blackbody limit and 420 times compared to the far-field radiative heat transfer between metallic 
surfaces with a temperature difference of 65 K. In addition, the theoretical prediction suggests a 
near-field enhancement of 122 times relative to the blackbody limit and 8000 times over far-field 
one at 50-nm vacuum gap between 20-nm Al thin-film samples, under the same temperature 
difference of 65 K. This work will facilitate the understanding and application of near-field 
radiation to thermal power conversion, noncontact cooling, heat flow management, and optical 
storage where metallic materials are involved.  
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Photon tunneling in the near-field can enhance radiative heat transfer to overcome the 
blackbody limit governed by Planck’s law when the vacuum gap between two radiating media is 
much less than the characteristic thermal wavelength [1,2]. Potential applications of near-field 
radiation include but are not limited to: near-field thermophotovoltaics [3-11], thermal rectification 
[12-14], and radiative refrigeration [15,16], which have been widely discussed in recent years. It 
is well predicted that the excitation of surface plasmon (SPP) or phonon polaritons (SPhP) [2,17-
20] could significantly enhance the near-field thermal radiation compared to other mechanisms 
like hyperbolic modes [4,21-26], magnetic polariton [27-32], or cavity resonance [33-35].   
Most reported near-field experiments used polar materials [36-38] whose optical phonons 
in the infrared greatly enhanced the near-field radiative heat transfer near room temperature due 
to an adequate frequency match between SPhP and Planck oscillator to demonstrate super-
Planckian radiative heat transfer with different configurations and vacuum gap distances. Atomic 
force microscope (AFM) tip-based techniques have also demonstrated the enhanced near-field 
radiation heat transfer breaking Planck’s law down to 100 nm gap between a silica sphere with 
diameter of 50 m and a glass microscope slide due to surface phonon polariton [39]. With plate-
plate configuration, where the creation of nanometer gaps and parallelism across mesoscale lateral 
size is one major challenge, Hu et al. [40] experimentally demonstrated a near-field enhancement 
of 50% over blackbody limit due to SPhP coupling between two closely spaced glass plates 
separated by microscale polystyrene particles. Ito et al. [41] experimentally measured the radiative 
heat transfer between a pair of diced fused quartz substrates at a vacuum gap distance of 0.5 m 
with a temperature differences up to 20 K. St-Gelais et al. [42] experimentally demonstrated a heat 
transfer enhancement approximately two orders of magnitude higher than the far-field limit at 100 
nm gap distance between parallel SiC nanobeams with a temperature gradient of 260 K. Ghashami 
3 
 
et al. [43] observed more than 40 times enhancement of thermal radiation compared to blackbody 
radiation when two 5 × 5 mm2 quartz plates were separated by a vacuum gap distance of 200 nm 
and with a thermal gradient near to 156 K. Silicon has also been used for NFR measurements. For 
example, Shi et al. [44] tuned the nanoscale radiation between bulk silicon and a glass microsphere 
at a gap of ~60 nm by changing the carrier concentration of silicon. In addition, Lim et al. [45] 
measured the near-field thermal radiation between doped-Si parallel plates with a doping 
concentration of 8.33×1019 cm-3 by employing a MEMS-based platform. The near-field radiative 
heat transfer coefficient was found to be 2.91 times greater than the blackbody limit at a 400-nm 
vacuum gap. Watjen et al. [46] used SiO2 posts between 1×1 cm
2 lightly doped silicon samples 
with a doping concentration of 2×1018 cm-3. The largest radiative heat flux was found to be 11 
times higher than the blackbody limit at a vacuum gap distance of 200 nm, which was mainly 
attributed to the excitation of coupled surface plasmon polaritons. Bernardi et al. [47] 
demonstrated a radiative heat transfer enhancement of 8.1 times relative to the blackbody limit 
between two 5×5 mm2  intrinsic silicon planar surfaces at a vacuum gap distance of 200 nm, which 
is due to the additional contribution of frustrated modes in the near-field. 
 The super-Planckian radiation between metals is also studied in a few experimental 
studies.  Shen et al. [48] measured the enhanced thermal radiation due to the tunneling of non-
resonant evanescent waves between a 50 m diameter glass microsphere nominally coated with a 
100 nm-thick gold film and a substrate coated with a thick gold film at a vacuum gap distance of 
30 nm. Kralik et al. [49] observed a one hundred fold enhancement of the blackbody radiation 
when the plane-parallel tungsten layers were separated by a vacuum gap distance of 1 m. In this 
work, the temperature of the cold sample was near 5 K and the temperature of the hot sample was 
in the range of 10-40 K. Lim et al. [50] measured the radiative heat flux between metallo-dielectric 
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multilayers at a vacuum gap distance of 160 nm, achieving a net radiative heat flux more than 100 
times larger than the calculated far-field value and about seven times larger than the blackbody 
limit due to coupled SPPs at metal-dielectric interfaces. Song et al. [37] also reported the near-
field enhancement between silicon microdevices at a size of 48×48 m2 coated with 100 nm-thick 
gold layer. The near-field thermal conductance at a gap distance of 60 nm was found to be ~10 
times larger than the blackbody limit. The plasma frequencies of metals typically occur in the ultra-
violet to the visible wavelength range [51], which cannot facilitate the NFR enhancement around 
room temperature, therefore NFR between metallic surfaces is much weaker than that between 
polar materials. In addition, metals are typically known as bad thermal emitters in the far-field due 
to their very low emissivity of just a few percent. However, the super-Planckian radiation heat 
transfer, enhanced by the near-field effect, would be significantly greater than the far-field transfer, 
which would facilitate its application in many near-field heat transfer systems. 
In this study, we experimentally demonstrate a significant radiative heat transfer 
enhancement between ultra-thin aluminum films due to near-field and thin-film effects. After a 
careful cleaning process using isopropanol alcohol, deionized water, and oxygen plasma, Al thin-
films of different thicknesses were coated on 5×5 mm2 lightly doped Si chips (Ted Pella Inc., 1-
30 ohm-cm resistivity, 500±30 m thick) via an electron beam evaporation method with the 
deposition rate of 0.5 Å/s. The thicknesses of the deposited aluminum thin-films were 
characterized to be 13±2 nm, 24±3 nm, 40±3 nm, and 79±3 nm by an atomic force microscope 
across a step created by masking part of the sample surface on a spare Si chip during the same 
deposition (Fig. S1) along with surface roughness of 0.4 nm. The bow of the Si chip was measured 
to be 75±19 nm with a profilometer. 
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A polystyrene nanoparticle suspension in deionized water (Sigma Aldrich, 69057-5ML-F, 
with a nominal diameter of 200 nm) was diluted to the desired concentration of 7.8×106 
particles/mL. Then, 0.02 mL of the diluted suspension was carefully distributed using a syringe on 
the receiver samples, which were then dried on a hotplate (see details in Section B in the 
Supplemental Materials). The receiver samples with nanoparticles were carefully inspected under 
an optical microscope to ensure that were no large particle aggregations (Fig. S2) before being 
loaded onto the experimental setup for near-field radiation measurements.     
Fig. 1(a) illustrates the experimental platform fabricated to measure the near-field radiative 
heat flux (see Fig. S3 for the photos of the actual setup), where an Al thin-film emitter with the 
same thickness as the receiver is separated from the receiver sample by the polystyrene particles, 
under the total applied force of 30 mN which creates a vacuum gap around 200 nm. A 
thermoelectric heater is used to vary the emitter sample temperature, while a thermoelectric cooler 
maintains the receiver sample at a constant temperature of 23C to create temperature differences, 
T, from 25 K to 65 K by adjusting power inputs independently with different DC power supplies. 
Copper plates with 3.25 mm thickness and the conduction thermal resistance, Rcopper = 0.325 K/W, 
are used to spread the heat uniformly underneath (above) the receiver (emitter) samples. The 
temperatures of the emitter (T1) and receiver (T2) are measured by thermistors embedded inside 
the center of the Cu plates with an accuracy of ±0.1C. Thermal grease (Arctic Silver Ceramique 
2) is used at every interface to minimize contact resistance Rgrease, which varies from 0.129 K/W 
to 0.328 K/W between measurements. A 1.1-mm-thick glass microscope slide with a thermal 
conductivity of 1 W/mK and conduction thermal resistance, Rglass = 44 K/W, is placed below the 
receiver sample, in order to find the amount of heat transfer by measuring the copper plate 
temperatures T2 and T3 across the slide. Note that the copper plates, samples, and glass slide have 
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the same area of A = 5×5 mm2. According to the 1D thermal resistance network in Fig. 1b, the rate 
of heat transfer Qglass across the glass slide can be calculated as 
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 (1) 
 Under steady-state conditions and by neglecting side losses, the energy balance yields Qtotal = 
Qglass = Qrad,exp + Qcond,PS, where Qcond,PS is the heat conduction via the polystyrene (PS) particles 
calculated by Fourier’s Law and the Hertz model (see Section D in the Supplemental Materials). 
Therefore, the rate of near-field radiative heat transfer Qrad,exp from the experiment can be 
determined by  
 rad,exp total cond,PSQ Q Q   (2) 
With the given nanoparticle concentration, Qcond,PS is less than 8% of the theoretical near-field 
radiative heat transfer between lightly doped Si at a vacuum gap distance of 200 nm (Fig. S4).  
 
FIG. 1. (a) Schematic of the experimental setup with the illustration of coupled SPP inside the 
vacuum gap and within the thin-film of Al. Thermistors were inserted inside the Cu plates. (b) 
Equivalent thermal circuit model. The emitting layer is maintained at temperature of T1 and the 
receiver is at T2 separated by a vacuum gap distance d.  
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The experimental setup was placed inside a 12-inch diameter vacuum chamber where the 
measurement was conducted in a high vacuum environment, provided by a turbo pump which 
maintained a pressure less than 0.1 Pa. At this pressure, the conduction heat transfer with air 
molecules is less than 0.2% of the near-field radiative heat transfer between lightly doped Si at 
200-nm vacuum gap from calculation (Fig. S5). The temperature difference between the emitter 
and receiver samples was varied from 25 K to 65 K with the TE heater and cooler, while the T1, 
T2, and T3 readings were recorded for each measurement at steady state. The measurement is 
considered to be at steady-state when the variation of all temperatures was less than 0.1C over 5 
minutes. Three independent measurements were conducted for each Al thin-film of the same 
thickness, with a new pair of samples being used for each subsequent measurement. To ensure the 
consistency of the experimental procedures, the same suspension of PS nanoparticles was 
distributed over the Al thin-film samples with the same thickness that were fabricated from the 
same batch during the same particle distribution process along with one pair of bare Si chips.  
One major challenge in the plate-plate near-field radiation measurements with mm-sized 
samples is how to experimentally determine the gap distance accurately. The optical interferometry 
method, which requires double-side polished semitransparent samples, has been used to determine 
the gap distance by fitting the interference fringe measured between lightly doped Si before near-
field measurement [46] and between quartz samples during the near-field measurement [41,43]. 
However, it cannot be applied to metallic thin-films due to opacity or very small transmission due 
to strong light attenuation. Also, the nominal diameter of the nanoparticles cannot be discounted 
as a precise vacuum gap distance. Here, we conducted additional near-field radiation 
measurements with 4 pairs of bare Si chips, each coated with the same PS particle suspension at 
8 
 
the same time with Al thin-film sample of different thickness. The gap distance was obtained by 
fitting the measured near-field radiative heat flux between Si plates qrad,exp = Qrad,exp/A with 
theoretical values qrad,theo calculated by fluctuational electrodynamics (Section F in the 
Supplemental Materials). The optical constants used for Si in the calculation were obtained from 
Palik [52] (Section G in the Supplemental Materials). To ensure the accuracy of the optical 
constants, spectral reflectance and transmittance of a double-side polished Si wafer with the same 
thickness and resistivity range were measured with an infrared spectrometer. The wavelength-
dependent optical constants of lightly doped Si were extracted with the Ray-tracing method [1], 
which shows excellent agreement with Palik data [52] (Fig. S6). In addition, extended 
measurement uncertainty including both precision from four independent experiments and 
accuracy from error propagation, was considered for the experimental near-field radiative heat flux 
from bare Si chips (Section H in the Supplemental Materials). A least-square method (described 
in Section I in the Supplemental Materials) was used to fit the vacuum gap to be 𝑑 = 215−50
+55 nm 
according to the upper bound, average, and lower bound of the measured qrad,exp for Si at different 
T values (Fig. S8). 
The comparison between the measured near-field radiative heat flux and the theoretical 
calculations at the fitted vacuum gap of d = 215 nm is shown in Figs. 2(a-d) for Al thin-films with 
different thicknesses determined by AFM: (a) 13±2 nm, (b) 24±3 nm, (c) 40±3 nm, and (d) 79±3 
nm. Note that the temperature of the receiver is kept constant at 23C and temperature difference 
T between the emitter and receiver is varied from 25 K to 65 K. The shaded area displays the 
calculated near-field radiative flux considering the uncertainty of the vacuum gap distance 𝑑 =
215−50
+55 nm obtained from four near-field radiation measurements between bare Si chips (Section 
I in the Supplemental Materials), whereas solid black lines denote the near-field radiative heat 
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fluxes at the average vacuum gap distance of d = 215 nm. The measured near-field radiative heat 
fluxes qNFR,exp, symbolized by the red markers with error bars as combined uncertainties uc (Section 
H in the Supplemental Materials), show good agreement with theoretical predictions. It can be 
observed that the near-field radiative heat flux increases as the thickness of aluminum thin-film 
decreases. It should be noted that the effect of native oxidation of Al with 3-nm Al2O3 on the total 
near-field radiative heat flux is negligible (Section J of the Supplemental Materials). In the insets 
of Figs. 2(a-d), the total radiative heat flux of the Al thin-films at a vacuum gap distance of 215 
nm is compared with the blackbody limit and far-field radiation of bulk aluminum surfaces 
(Section K of the Supplemental Materials). The theoretical results indicate that the total radiative 
heat flux between the 13-nm Al thin-film samples separated by a vacuum gap of 215 nm is 
approximately 5224 W/m2 for the temperature difference ΔT = 65 K, indicating a theoretical 
improvement about 10 times over the blackbody limit and 650 times compared to the far-field 
radiation of bulk aluminum sample. The near-field radiative heat flux for thicker Al samples was 
calculated to be 3943 W/m2, 2846 W/m2 and 1901 W/m2 for 24, 40 and 79-nm-thick Al films, 
respectively, under the same temperature difference of 65 K. As shown in Fig. 2, the near-field 
radiative heat flux decreases monotonically with increasing aluminum thickness. 
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FIG. 2. Measured near-field radiative heat flux (markers with error bars) between Al thin-films of 
several thicknesses at different T values along with the theoretical prediction (shaded) at a 
vacuum gap distance 𝑑 =  215−50
+55  nm fitted from the near-field measurement with bare Si chips. 
The thicknesses of the aluminum are: (a) 13±2 nm, (b) 24±3 nm, (c) 40±3 nm, and (d) 79±3 nm. 
Note that the temperature of the receiver is kept constant at 23C. The inset shows the total 
radiative heat flux at a vacuum gap distance of 215 nm compared with the blackbody limit and far-
field radiative heat transfer of bulk aluminum plates.  
 
Near-field radiative heat flux enhancement factors over the blackbody limit and over far-
field radiation of bulk aluminum plates as a function of aluminum thickness are plotted in Figs. 
3(a) and (b), respectively. The receiver temperature is kept constant at 23C and the temperature 
difference between emitter and receiver is 65 K. At a vacuum gap distance of 215 nm, the near-
field radiation heat flux was experimentally measured with an average enhancement of 6.4 times 
over blackbody limit and ~420 times over far-field radiation with bulk Al, which is roughly 
consistent for all four Al thin-films of different thicknesses of 13 nm, 24 nm, 40 nm and 79 nm. 
On the other hand, calculations predict that the largest near-field radiative enhancement at d = 215 
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nm occurs with the 5-nm-thick Al thin-film attaining 11 times over the blackbody limit and 720 
times over far-field radiation of bulk aluminum plates, respectively. Due to the uncertainty with 
the near-field heat flux measurement as well as with the theoretical prediction from the fitted 
vacuum gap 𝑑 = 215−50
+55 nm, the experimental data and calculation are considered to be within 
reasonable agreement as shown in Figs. 3. In addition, the insets of Figs. 3(a) and (b) display the 
near-field enhancement factor over the blackbody limit and over far-field radiation of bulk 
aluminum calculated at smaller vacuum gap distances of 50 nm and 100 nm, respectively. The 
results suggest that the near-field enhancement over the blackbody limit could potentially reach 
42 times with 15-nm-thick Al at a vacuum gap of 100 nm, or even 123 times with 20-nm-thick Al 
at a vacuum gap of 50 nm. When compared to the far-field radiation with bulk Al, the near-field 
and thin-film effects could enhance the radiation heat flux up to 2750 times with 15-nm-thick Al 
at d = 100 nm or 8060 times with 20-nm-thick Al at d = 50 nm. 
 
FIG. 3. Measured near-field heat flux enhancement (markers with error bars) between Al thin-
films at different thicknesses compared to (a) blackbody limit and (b) far-field radiative heat 
transfer between bulk aluminum plates. The shaded region indicates the vacuum gap uncertainty 
𝑑 =  215−50
+55  nm while the average vacuum gap of 215 nm is shown by the solid black line. The 
insets inside (a) and (b) show the total radiative heat flux enhancement over blackbody and far-
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field limits at vacuum gap distances of 50 nm and 100 nm, respectively. Note that the temperature 
of the receiver is kept constant at 23C and the temperature difference is 65 K.   
  
To gain insight into the underlying mechanisms that enhance the radiative heat transfer 
between 10-nm Al thin-films in the near-field, the energy transmission coefficients for s and p 
polarizations at vacuum gap distance of 200 nm are presented in Figs. 4(a) and (b), respectively 
(see details in Section F in the Supplemental Materials). The large transmission coefficients, shown 
by the bright contour, verify that the near-field radiative enhancement is attributed to the SPP 
coupling inside the Al thin-film layers for p-polarized waves (see the dispersion relation in Section 
L of the Supplemental Materials). It can be noticed that the enhancement bands in the energy 
transmission coefficient for s-polarized waves are also significantly extended to high values of 
transverse wavevector  as shown in Fig. 4 (b). This enhancement can be explained as the 
increased scattering within Al thin-films and hence, contributing to the near-field photon 
tunneling. Additionally, the energy transmission coefficients between bulk aluminum surfaces at 
a 200 nm gap distance are plotted for s and p polarizations in Figs. 4(c) and (d), respectively. 
Compared to the 10-nm Al thin-film, the excitation of SPP in bulk Al is much weaker at p polarized 
waves, and the contribution of the large transverse wavevector  at s polarization is also 
substantially suppressed. To further illustrate the radiative heat transfer enhancement between 
ultra-thin aluminum films over bulk Al plates, the spectral radiative heat fluxes of s and p 
polarizations are compared (Section M of the Supplemental Materials), in addition to the effect of 
vacuum gap distance on the total near-field radiative heat flux enhancement (Section N of the 
Supplemental Materials).   
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FIG. 4. Contour plot of energy transmission coefficient () between lightly doped silicon samples 
coated by 10 nm aluminum for (a) p polarization and (b) s polarization, and between bulk 
aluminum samples for (c) p polarization and (d) s polarization at a vacuum gap distance of 200 
nm. Note that the parallel wavevector component is normalized to the frequency.  
 
In sum, the present work experimentally demonstrated the near-field and thin-film effects 
on enhanced radiative heat transfer between ultra-thin aluminum layers coated on 5 × 5 mm2 
silicon parallel plates at a vacuum gap distance of 215 nm. The near-field radiative heat flux 
between 13-nm-thick Al films is measured at a vacuum gap distance of 215 nm, showing an 
improvement of 6.4 times over the blackbody limit and 420 times over that of the far-field radiative 
heat transfer between bulk Al plates with a temperature difference of 65 K. The reasonable 
agreement between the experimental results and theoretical prediction from fluctuational 
electrodynamics suggests the contribution of increased scattering and SPP coupling inside the Al 
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thin-film layers to the near-field energy transfer. The advances of experimental near-field radiation 
between metallic layers here could greatly facilitate the application of various near-field devices 
such as thermophotovoltaic and thermoradiative devices. 
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